the cross-sectional diameter of the contrast enhancing T1-weighted lesion and the region of hyperintensity on T2-weighted images are key determinants for characterizing the effectiveness of therapy. The Macdonald criteria 2 use the enhancing lesion as the metric of tumor growth, while the newer RANO (Response Assessment in NeuroOncology) criteria take into account cross-sectional diameter of both types of anatomic lesions. 3 1 H magnetic resonance spectroscopic imaging (MRSI) is a noninvasive tool that provides estimates of levels of metabolites, such as N-acetylaspartate (NAA), choline (Cho)-containing compounds, creatine, lactate, and lipid. This provides complementary data that can be directly compared with changes on morphologic images. Previous studies have indicated that presurgery and pretreatment MRSI data may be valuable for predicting survival outcomes from patients with GBM. [4] [5] [6] [7] The purpose of this study was to investigate whether early changes in MRSI data could provide metrics associated with subsequent treatment response and clinical outcome for a cohort of patients newly diagnosed with GBM and receiving a combination of radiation and temozolomide in conjunction with the investigational agent enzastaurin. The latter, a protein kinase C inhibitor, was shown in preclinical studies to have antiproliferative, pro-apoptotic, and anti-angiogenic properties. 8, 9 While the clinical results of the treatment have been compared with other combination therapies, 10 the relationship of metabolic imaging parameters to outcome were not previously investigated for these patients.
Materials and Methods
In 43 patients, newly diagnosed GBM based upon World Health Organization criteria was evaluated in this study. Treatment included a 6-week cycle of fractionated external beam RT in conjunction with temozolomide and enzastaurin. Temozolomide was given at 75mg/m 2 daily during RT and 200mg/m 2 for 5 days every 28-day cycle after RT and enzastaurin was given at 250mg/day, both during and after RT. Patients who deviated from protocol due to side effects were excluded from the study. The study received approval from the institutional review board, and informed consent was obtained from all patients.
Assessment of Clinical Outcome
Overall survival (OS) was calculated as the time to death from the start of treatment and progression-free survival (PFS) as the time from the start of treatment to the examination at which the patient was determined to have progressed. To address cases of pseudoprogression, 11 the clinical histories of all patients who progressed within 3 months of the completion of radiotherapy were rereviewed by a neuroradiologist to determine whether the suspected progression was maintained. Patients who displayed stable exams that had been preceded by seemingly suspect exams were also re-reviewed to evaluate the longevity of the imaging findings.
MR Data Acquisition
Data were acquired using a 3 Tesla MR scanner (GE Healthcare) and a commercially available 8-channel phased array headcoil. Thirty-nine patients received a research imaging scan prior to RT (baseline), 29 received a mid-RT scan (1 mo), and 38 received a post-RT scan (2 mo). This resulted in a total of 106 scans being evaluated, with 25 of the subjects receiving research scans at all 3 time points. Acquired were an axial T2-weighted fluid attenuated inversion recovery (FLAIR) sequence with 3-mm slice thickness, as well as axial volumetric pre-and post-gadolinium T1-weighted inversion recovery spoiled gradient recalled images with 1.5-mm thickness.
A lactate-edited 3D point resolved spectroscopy (PRESS) MRSI sequence was applied for 99/106 scans. This used a flyback echo-planar readout gradient in the superior-inferior (SI) dimension and an over-PRESS factor of 1.5 with very selective saturation (VSS) bands to avoid chemical shift artifacts (repetition time/echo time = 1104/144ms, field of view = 16×16×16cm, voxel size = 1×1 × 1cm, total acquisition time = 9.5 minutes, 712 dwell points, and 988 Hz bandwidth). 12 Anatomic images were used to define the PRESS region, which generally covered the lesion and 200-300 cc of normal tissue. Note that although there was some variability in the size of the PRESS region between examinations, the field of view and acquisition time were kept constant. Areas with sharply varying magnetic susceptibility and lipid contamination were avoided whenever possible. Additional VSS bands were utilized to suppress residual lipid signals. 13 
Image Processing
The data were transferred to an offline Linux workstation and processed to generate images in the same coordinate system. This involved coregistering anatomic images to the corresponding postcontrast T1-weighted scan. 14 Volumetric regions of interest were defined by manual analysis to provide the contrast-enhancing (CE) lesion on T1-weighted postcontrast images and hyperintensity on FLAIR images minus the resection cavity (T2 lesion).
Reconstruction of MRSI Data
The methods used for reconstruction and postprocessing of the spectral data are fully automated and have been described in previous publications. 15, 16 In brief, the start point was the raw data file obtained from the lactate edited MRSI sequence. This comprised 8 channels of interleaved acquisitions (or cycles) obtained with radiofrequency pulses that modulated the phase of the lactate peak. The k-space time domain data for each cycle and channel were first filtered with a 4-Hz exponential function in the time domain, zero filled to 1024 points, and Fourier transformed to produce a k-space array of spectra. The next step was to apply the k-space Fourier transforms to produce 3D spatial arrays of spectral data, followed by combination using in-house developed software that weights the data by coil sensitivities estimated from low resolution proton density weighted images. 16 Additional phase corrections were applied in the SI dimension to account for the flyback echo-planar readout gradient. 17 The cycles were summed to produce an array of spectra containing choline, creatine, NAA, and lipid and subtracted to produce an array of spectra containing lactate. Spectra were baseline subtracted and phase and frequency corrected using parameters estimated from the summed array. Metabolite levels were obtained by estimating peak heights and integrated areas from the spectral arrays. Three-dimensional spectral arrays were viewed using the SIVIC software package. 16 As shown in Fig. 1 ), color overlays of metabolite parameters such as the choline-NAA index (CNI) can also be viewed on the anatomic images. Datasets considered to be of limited quality due to poor coverage of the lesion or lipid contamination were excluded from analysis. This was the case for only 3 out of 99 total exams and resulted in metabolic data being included from n = 35 scans at pre-RT, n = 26 scans at mid-RT, and n = 35 scans at post-RT.
Definition of the Metabolic Lesion
The CNI is a metric that was previously developed to describe the deviation of choline and NAA in regions of tumor relative to values in regions of normal brain tissue from the same individual. 18, 19 It is calculated from the choline and NAA levels in the spectral array with an iterative regression procedure to (i) eliminate outliers that correspond to tumor, (ii) estimate the ratio of Cho and NAA in "normal" brain from the slope of the line through the remaining voxels, (iii) determine the standard deviation (σ) of the distance of normal voxels from the regression line, and (iv) define the CNI for each voxel by its distance from the regression line divided by σ. Supplementary Fig. 1 shows this procedure schematically, and the corresponding supplementary text provides a more detailed discussion of the methodology. Once the CNI map had been calculated, the metabolic lesion (CNI2) was defined as the region having values greater than or equal to 2. The overlap between the CNI2 and the T2 lesion was also determined (CNI2t). The choline to creatine index (CCrI) was estimated in a similar manner, but with the definition of "normal" brain voxels being based upon those that had been identified as such during the CNI calculation.
Normalization of Metabolite Levels
To compare across serial exams, choline, creatine, and NAA intensities were normalized by their median value in voxels that had been identified during the CNI calculation as being from normal brain (nCho, nCr, and nNAA). Signals from lipid and lactate peaks were normalized with the median NAA from normal brain (nLac and nLip). To account for partial-voluming of tumor and normal tissue within the spectral voxels, the levels of excess choline relative to NAA (xsChoN = nCho-nNAA) and excess choline to creatine (xsChoCr = nCho-nCr) were calculated for each location.
Metrics Describing the Metabolic Lesion Burden
The metrics used to describe the size of the metabolic lesion were calculated for each examination separately and were therefore not dependent upon registration between scans. The parameters considered were the volumes of the CNI2 and CNI2t, as well as the maximum, median, and summation of values for the CNI, CCrI, xsChoN, xsChoCr, nLac, and nLip from voxels within the CNI2 regions at pre-, mid-, and post-RT. These times were chosen based upon previous analysis of 1 H MRSI scans. 6, 20 
Statistical Analysis
The primary analysis focused on the association of imaging parameters with PFS and OS using a Cox proportional hazards model that was adjusted for age, KPS, and extent of resection. Only tests with P values less than .05 were considered significant. The secondary analysis focused on exploring changes in anatomic and metabolic parameters among pre-, mid-, and post-RT scans. This was achieved by paired analysis within the groups of patients who had scans at all 3 time points using Wilcoxon signed rank tests. This included the evaluation of temporal changes in all subjects, as well as in subgroups with OS less than or greater than the median OS value.
Results

Population Parameters
The median age for the 43 patients considered was 57 years (range 27-80). One subject had a KPS of 60, another had a score of 70, and the rest were 80 or above. Median PFS was 234 days (no subjects censored) and median OS was 449 days (3 subjects censored). Of the patients followed on this study, 33/43 had known O 6 -DNA methylguanine-methyltransferase status, with 22 being unmethylated and 11 methylated. There was no significant difference in OS between these 2 subgroups (median of 480 days, 22 patients, 2 censored; and 529 days, 11 patients, none censored, respectively). The 2 subgroups considered in the secondary analysis had similar fractions of unmethylated versus methylated subjects to the overall population. Given the lack of significance for this parameter, it was not considered in the subsequent analysis of imaging parameters. Figure 1 shows anatomic images, spectra, and metabolic imaging overlays from pre-and mid-RT for a 41-year-old patient who progressed at the post-RT time point (PFS = 67 days) with an OS of 305 days. Registration of images and spectral data between the 2 examinations was performed to allow for better visualization of the data. The anatomic images show a large initial resection cavity with contrast enhancement around the medial edge and some residual NeuroOncology mass effect that decreased in the mid-RT scan. The surgical cavity reduced in size and the mass effect decreased at first, but the CE and T2 lesion volumes almost doubled in volume from pre-to post-RT (10.9 to 20.6 cc and 29.2 to 38.1 cc, respectively). The spectral arrays had regions with high choline peaks and low NAA around the cavity that extended beyond the CE lesion. Although the MRSI data were not available for the post-RT exam, the high maximum CNI values and increase from pre-and mid-RT (24.1 to 30.2) suggest that the tumor continued to grow during treatment. A second surgery confirmed the presence of residual/recurrent tumor. Figures 2 and 3 show examples of the coregistered anatomic images and color overlays of CNI, together with changes in imaging metrics for patients similar in age (57 or 58 y) and KPS (80 or 90) but with quite different PFS and OS (191 and 259 days for patient B versus 364 and 546 days for patient C). Of particular note is that the metabolic lesion was much larger than the CE lesion for patient B, suggesting that a large part of the tumor was nonenhancing (Fig. 2) . The sum of nLac and the sum of nLip within the CNI2 lesion were also relatively high, with the former staying stable (27.1 to 27.0) and the latter increasing (22.6 to 40.3) from pre-to post-RT. Subsequent follow-up images showed the FLAIR lesion extending into the contralateral hemisphere. This is consistent with there being abnormal metabolism in this region at the early time points, which initially responded to therapy but then expanded again as the tumor progressed. For patient C (Fig. 3) , the pre-RT anatomic and metabolic lesion volumes were much smaller, the CNI decreased from pre-to post-RT, and the initial maximum CNI and CCrI values were lower (11.7 and 3.5). The magnitudes of the sum of nLac and the sum of nLip within the CNI2 lesion were much lower (initial values of 5.4 and 4.9) and decreased further from pre-to post-RT.
Examples of Data from Individual Patients
Relationship of Imaging Parameters to Outcome
For anatomic imaging (see Table 1 ), only the volumes of the T2 and CE lesions at the post-RT scan were found to be significantly associated with PFS (P = .0076, hazard ratio [HR] 1.04 with 95% CI 1.01 and 1.07, and P = .016, HR 1.07 with 95% CI 1.01 and 1.14, 38 subjects, none censored) and OS (P = .0012, HR 1.05 with 95% CI 1.02 and 1.07, and P = .0027, HR 1.08 with 95% CI 1.02 and 1.14, 38 subjects, 3 censored). For metabolic imaging, the CNI2 lesion volume was associated with OS at both mid-RT (P = .015, 26 subjects, HR 1.05 with 95% CI 1.01 and 1.09, 3 censored) and post-RT (P < .0001, HR 1.08 with 95% CI 1.04 and 1.12, 35 subjects, 3 censored) but at only the post-RT scan for PFS (P = .039, HR 1.03 with 95% CI 1.00 and 1.06, 35 subjects, none censored). . The selected volume is highlighted in yellow. These and the spectral arrays highlight the region with abnormal metabolism, which has highly elevated choline, reduced NAA, with increased lipid in the cavity. Note that although the images and spectra were registered to improve visualization of the effects, the calculation of the quantitative parameters was done in the original coordinate frame.
For the CNI2t volume, only the post-RT values showed an association with OS (P = .0021, HR 1.14 with 95% CI 1.06 and 1.23, 35 subjects with 3 censored), and there were no significant associations with PFS.
The magnitude and variations in the levels of choline relative to NAA and creatine were represented by the median, maximum, and sum of CNI, xsChoN, CCrI, and xsChoCr within the CNI2 lesion. All of these choline metrics showed a significant association with OS at the mid-RT time point (see Table 1 ), but only the maximum and sum values at the post-RT scan. The median values had a significant association with OS at the pre-RT scan. The sum of nLac and nLip at mid-RT and post-RT scans were associated with OS (see Table 1 ).
Serial Changes in Volumes of Anatomic Lesions
For the 25 patients with scans at all 3 time points, mean parameters at pre-RT and the percent changes in mean values from pre-to mid-RT and pre-to post-RT scans are seen in Table 2 and in the bar graphs in Fig. 4 . The results include values for subgroups stratified by the median OS of 449 days. Overall, the T2 lesion volumes showed a downward trend from pre-RT to mid-RT, followed by a significant increase from mid-to post-RT (mean volumes of 30.4 cc, 24.9 cc, and 34.5 cc, respectively). Both the pre-RT mean T2 lesion volume and the percentage increase from pre-RT to post-RT were larger for the patients with OS <449 days (38.1 vs 22.0 cc, 18% vs 5%). The mean CE lesion volumes decreased significantly from pre-to mid-RT (P = .0001) and from pre-to post-RT (P = .0341), with the decrease being sustained from pre-to post-RT for the cohort with longer OS (P = .0034, 44% reduction). Note that the pre-RT mean volumes of the CE lesions for the patients with OS <449 days were larger compared with those with OS >449 days (11.1 vs 7.9 cc). Table 2 and the bar graphs in Fig. 4 also show changes in selected metabolic imaging parameters for the 20 subjects with MRSI data at all 3 time points. Note that many of the metabolic imaging metrics were more than 50% lower for the patients with OS >449 days compared with the patients having OS <449 days, indicating that the absolute values of these parameters were important in influencing outcome. The decreases in metabolic parameters from pre-RT to mid-RT were significant for the population overall, as well as for the subgroup with OS >449 days. This is consistent with there being an early reduction in tumor burden. Although the magnitude of the percentage change was similar from pre-RT to post-RT for the choline metrics, it was only significant for the summed CNI values (43%, P = .0285). Similar trends were seen for parameters describing 
Serial Changes in Metabolite Imaging Metrics
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changes in CCrI and xsChoCr. The summed lactate values showed a differential between subgroups of patients, with the mean summed nLac being 2.3-fold higher at pre-RT, 4.1-fold higher at mid-RT, and 2.6-fold higher at post-RT for the cohort with shorter OS.
Discussion
The analysis performed here shows that metrics derived from state-of-the-art MRSI provided early indicators of clinical outcome for patients undergoing treatment with radiation, temozolomide, and the protein kinase C inhibitor enzastaurin. From prior preclinical studies, this multimodality therapeutic approach was expected to act upon the tumor by directly damaging the DNA, impacting angiogenesis, reducing proliferation, and increasing apoptosis. 8, 9 The results of the quantitative analysis suggest that metabolic parameters at baseline, one month, and 2 months into treatment were able to capture alterations in tumor burden associated with these effects. The findings are consistent with prior studies using MRSI data to predict response to therapy, [20] [21] [22] suggesting that it may be helpful for providing an early assessment of the utility of other combination therapies. Previous studies have evaluated the relationship of anatomic imaging parameters to outcome for patients with newly diagnosed GBM receiving standard-of-care treatment with RT and temozolomide. 23 These indicated that the T2 volume was associated with OS at pre-and post-RT and the CE lesion volume at only post-RT. While this is encouraging for the population as a whole, there have been numerous reports that RT and temozolomide can result in a temporary increase in the size of the CE lesion for a subset of patients (pseudoprogression). This poses a dilemma for the neuro-oncologist in terms of recommending whether to continue treatment or stop and seek alternative approaches. 11 In the current study, the addition of enzastaurin further complicated the analysis, as it resulted in a substantial overall decrease in the volume of the CE lesion from pre-to mid-RT. This is presumably due to its anti-angiogenic effect. 8 From mid-RT to post-RT, the CE lesion volume showed an increasing trend in the subgroup with shorter survival but was stable for the subgroup with longer survival. While the increase in the T2 lesion volume from mid-RT to post-RT in the subgroup with shorter survival may be caused by radiation effects or tumor progression, it appears that the combination treatment was less effective for these patients. Overall our results suggest that estimating changes in volumes of the CE and T2 lesion may be more sensitive than using visual assessments of changes in cross-sectional diameters, as is currently indicated by the RANO criteria. 3 From the color overlays and the summary results shown in Table 2 , it is clear that the metabolic lesion can extend beyond the region of contrast enhancement and can show a large decrease in magnitude and size with treatment. This is consistent with previous studies, which indicated that CNI values could identify nonenhancing tumor that was also different in shape and size than the T2 lesion. 24 Using the MRSI data to define the spatial extent of tumor would change the target for RT, [25] [26] [27] alter the definition of response to therapy, and assist in distinguishing residual and recurrent tumor from nonspecific treatment effects. [28] [29] [30] Several different ways of representing the metabolic data were considered in this study. The CNI was developed and validated using image-guided tissue samples several years ago. [18] [19] As described in the Supplementary text, it has advantages over comparing changes in levels of the metabolites separately or considering the ratio of choline to NAA. This is because it provides values that represent the probability of differing from normal metabolite levels and can be used to automatically define regions that are likely to be abnormal. It is also robust in circumstances where the level of NAA is very low and could give a very high ratio value. The images shown in Figs. 1-3 provide examples of how using this metric as a color overlay can improve the visualization of the metabolic lesion. This is of particular interest for interpreting serial changes in tumor burden 7, 28, 29 and avoiding complications associated with pseudoprogression and pseudoresponse. 11 Table 2 Temporal changes in anatomic lesion volumes and metabolic imaging parameters for patients with scans at all 3 time points, and those with OS either less than or greater than the median value of 449 days. These correspond to the graphs seen in Fig. 4 . P values were obtained using a Wilcoxon signed rank test, P < .05 was considered significant. Because of the exploratory nature of the analysis, no corrections for multiple comparisons were applied, but it can be seen that many of the P values were less than .005. 
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A similar algorithm was applied in our analysis to levels of choline and creatine in order to provide the CCrI. Experience in other studies has shown that the level of creatine can be quite variable in tumors, and so the CCrI may be less sensitive as a measure of the spatial extent of the lesion. [23] [24] [25] [26] [27] [28] The results shown in Table 1 indicate that if the CNI lesion is used as the reference region, metrics that describe both choline relative to NAA and choline relative to creatine are associated with OS. Table 2 highlights the early effects of treatment on metabolic parameters by showing that there were substantial reductions in choline metrics from pre-to mid-RT. These findings are consistent with the antiproliferative aspects of the combined therapies and explain the strong association of metabolic parameters from mid-and post-RT with OS.
The other metabolic parameters associated with OS were measures of excess normalized choline (xsChoN and xsChoCr) and ratios of lactate (nLac) and of lipid (nLip) relative to NAA in normal appearing brain. These findings are consistent with our previous analysis of metabolic parameters from patients being treated with RT and temozolomide. 7 The 3D nature of the MRSI acquisition was important for including regions that were abnormal and providing voxels for estimating normal metabolite levels. The fact that so many of the choline metrics were associated with OS increases confidence in their value as predictors of outcome. The relatively small number of metabolic parameters associated with PFS may be due to the criteria for assessing progression having been based upon increases in the cross-sectional diameter of the CE lesion, 2 which reflects differences in vessel permeability rather than changes in tumor metabolism.
The consideration of multiple time points and multiregion analysis was central to this study and helped to substantiate the interpretation of the data criteria. Of interest is whether the mid-RT scan, which is not done routinely in the clinic, adds to the information obtained. Although changes in anatomic and metabolic parameters could be detected at the post-RT scan, previous studies from our own and other groups have indicated that evaluating changes in diffusion or perfusion imaging parameters at this time point may be important for assessing early response to therapy. 31, 32 Combining these findings with metabolic data may provide even stronger predictors of outcome. Another factor of interest for future studies is whether voxel-by-voxel changes in metabolite levels may be more sensitive to detecting early changes in metabolite levels than observing summary values derived independently at each time point. This will be facilitated by recent developments in automatic prescription of the selected region, which can aid in defining similar regions for serial scans. 33 
Conclusion
This study demonstrated the use of MRSI data in assessing early treatment response in patients with newly diagnosed GBM undergoing treatment with a combination of radiation, temozolomide, and enzastaurin. The analysis highlights metrics describing the volume and levels of choline, lactate, and lipid at mid-and post-RT scans that were associated with OS. These results suggest that adding MRSI to routine follow-up scans and performing a quantitative analysis of the data obtained could aid clinicians in assessing the effects of other multimodality treatment regimens.
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Funding was provided by NIH grants RO1 CA127612 and P01 CA118816. Fig. 4 Bar plots of mean parameter values from pre-, mid-, and post-RT scans for all subjects with data from each time point and from subgroups with OS <449 days and OS >449 days. The parameters shown are T2 and CE lesion volume (n =25 subjects), the volume with CNI >2, the summed CNI, the summed xsChoN and the summed nLac within the CNI >2 region (n =20 subjects). Note that parameters and time points for which there is a large difference in values between the subgroups with short vs long survival are likely to be of particular interest for predicting outcome and indicating whether there has been a response to the treatment in a subset of patients. The light gray bars represent the pre-RT time point, the intermediate gray bars represent the mid-RT, and the dark gray bars represent the post-RT time point. The asterisk denotes a significant change between values at the indicated time points.
